F 1 -ATPase is the smallest mechanical motor known. Tentoxin, a cyclic peptide produced by phytopathogenic fungi, inactivates the F 1 motor in sensitive plants at nanomolar to micromolar concentrations, whereas higher concentrations surpass the natural activity of the enzyme. Single molecule studies now have clarified the molecular steps involved in both processes. Inactivation delays the dwell time of a single step in the complete 360°turn and results in an asymmetric rotation of the central rotor subunit. In contrast, rotation in the stimulated F 1 particle is smooth and accompanied by strongly reduced ADP inhibition. Our study provides for the first time the direct observation of a noncompetitively inhibited state of the enzyme and directly visualizes the regulation of the molecular motor by an external natural compound. In addition, the ADP release step during catalysis was revealed by analysis of the single molecule rotation behavior. Hence, tentoxin is a sophisticated molecular tool to mark and control certain catalytic steps within the reaction pathway of the molecular F 1 motor.
F 1 -ATPase is the smallest mechanical motor known. Tentoxin, a cyclic peptide produced by phytopathogenic fungi, inactivates the F 1 motor in sensitive plants at nanomolar to micromolar concentrations, whereas higher concentrations surpass the natural activity of the enzyme. Single molecule studies now have clarified the molecular steps involved in both processes. Inactivation delays the dwell time of a single step in the complete 360°turn and results in an asymmetric rotation of the central rotor subunit. In contrast, rotation in the stimulated F 1 particle is smooth and accompanied by strongly reduced ADP inhibition. Our study provides for the first time the direct observation of a noncompetitively inhibited state of the enzyme and directly visualizes the regulation of the molecular motor by an external natural compound. In addition, the ADP release step during catalysis was revealed by analysis of the single molecule rotation behavior. Hence, tentoxin is a sophisticated molecular tool to mark and control certain catalytic steps within the reaction pathway of the molecular F 1 motor.
The catalytic moiety of the ATP synthase (F 1 ) 2 works like a molecular motor, and ATPase activity is coupled to rotation of the central ␥ subunit in the catalytic ␣ 3 ␤ 3 core (1, 2) . Rotation catalysis of F 1 -ATP synthase was first suggested by P. D. Boyer in his "binding-change mechanism" concept (3), and was strengthened by the x-ray crystal structure of mitochondrial F 1 (4) . Direct observation of the ␥ rotation in single F 1 particles revealed the orientation of the central ␥ subunit in relation to the ambient three ␤ subunits, which are taking different individual conformations at a given time during catalysis (1) . The rotation was found to proceed in 120°steps, each driven by the consumption of one ATP molecule (5) . The individual steps could be further divided into 80°and 40°substeps that are related to ATP binding/ADP release and phosphate release, respectively (6) .
Tentoxin, a phytotoxin produced by fungi of the Alternaria species, blocks ATP hydrolysis in certain chloroplast F 1 (CF 1 ) (7-10) and causes chlorosis of the sensitive plants. The tentoxin-binding site is located at the contact surface between an ␣ and a ␤ subunit close to the N-terminal ␤-barrel structure on the ␣ 3 ␤ 3 hexagon. The crystal structure of spinach chloroplast F 1 complexed with tentoxin showed that the catalytic site on the ␣␤ pair with bound toxin is in a closed conformation (11) . Thus, it was deduced that tentoxin inhibits the activity of the enzyme by blocking the conformational shifts at the catalytic sites. However, which of the catalytic processes is affected could not be determined in detail so far. The stimulatory effect of tentoxin is even less understood on the molecular level, although it is accepted that binding of a second or maybe third toxin molecule induces the stimulation (9, 10) . Previous single molecule experiments using genetically engineered F 1 from thermophilic Bacillus PS3 (TF 1 ) suggest that the high stimulatory concentrations of the toxin correlate with a reduced inhibition of the enzyme by ADP (12) . However, the mutant TF 1 showed only a partial relief from tentoxin inhibition even at high toxin concentrations (13) .
To clarify both the inhibitory and stimulatory effects of tentoxin on the single molecule level, we adopted the F 1 of the cyanobacterium Thermosynechococcus elongatus BP-1 (14) , which is inhibited at 5-10 M tentoxin and substantially stimulated above 100 M (see Fig. 1 ). The magnitude of inhibition and stimulation agrees well with data obtained for spinach chloroplast F 1 (15) but showed a higher K i (0.8 Ϯ 0.5 M) as reported for other cyanobacterial F 1 complexes (16). The observed difference in the inhibition constant might be attributed to a Ser-Ala substitution in the tentoxin-binding site of the cyanobacterial enzymes, so that the hydrogen bonding with ␤ D83 weakens the tentoxin-enzyme interaction (8, 11) .
By using the cyanobacterial F 1 subcomplex, we studied the inhibition and stimulation modes of F 1 by tentoxin at the single molecule level and successfully clarified the molecular steps involved in both processes. Inhibiting concentrations of tentoxin affect the ADP release step at the catalytic sites, whereas rotation of the ␥ subunit was smooth in stimulated F 1 particles because of a reduced ADP inhibition state, but nevertheless showed a slightly decreased rotating speed compared with the noninhibited enzyme. Thus the phytotoxin tentoxin is certainly a valuable tool to study catalytic steps within the reaction pathway of the molecular F 1 motor.
EXPERIMENTAL PROCEDURES
Materials-Biotin-PEAC 5 -maleimide was purchased from Dojindo (Kumamoto, Japan). Tentoxin, ATP, phosphoenolpyruvate, and bovine serum albumin were obtained from Sigma. Pyruvate kinase, lactate dehydrogenase, and NADH were purchased from Roche Diagnostics. Other chemicals were of the highest grade commercially available.
Expression Plasmid-Expression plasmid for the ␣ 3 ␤ 3 ␥ complex of T. elongates BP-1 was constructed as described (14) . For selective labeling of the ␥ subunit, suitable for single molecule experiments, all natural cysteine residues were substituted by serine using the Mega-primer method (17) . Two additional cysteines were introduced in position 125 and 222. Substitution of A125C was done using the following mutation primer, 5Ј-GGG-ATAGTCACGGCGCTGGAAATATTGGCATGCCTTGCG-ACCC-3Ј, and Val-222 was changed to Cys by applying mutation primer 5Ј-CATTTGGAAGTCAACCGCGAGAAAACC-TCGACGCTGCCCGCTCTGC-3Ј. The plasmid was named pTR19FWR and was used for the expression of ␣ 3 ␤ 3 ␥ Cys125/222 .
Protein Preparation-Expression, purification, and labeling of ␣ 3 ␤ 3 ␥ Cys125/222 with biotin-PEAC 5 -maleimide were done as described before (14) and confirmed by PAGE in the presence of 0.1% (w/v) SDS (SDS-PAGE) and following immunoblot analysis (supplemental Fig. S5 ).
ATPase Activity Measurement-ATPase activity was monitored in the presence of an ATP-regenerating system (18) in 50 mM HEPES-KOH, pH 8.0, 100 mM KCl, 2 mM MgCl 2 , 2 mM ATP, 50 g/ml pyruvate kinase, 50 g/ml lactate dehydrogenase, 2 mM phosphoenolpyruvate, and 0.2 mM NADH. The assay was carried out at 25°C. The rate of ATP hydrolysis was determined by monitoring the decrease in NADH absorption at 340 nm after addition of purified ␣ 3 ␤ 3 ␥ Cys125/222 using a spectrophotometer V-550 (Jasco, Tokyo, Japan). When the substrate ATP␥S (5 mM) was used or in measurements in the presence of ADP (5 mM), the activity was monitored as the liberation of phosphate determined by a colorimetric method (19) . Preincubation of the enzyme with tentoxin was performed for 30 min in 50 mM HEPES-KOH, pH 8.0, 100 mM KCl, 2 mM MgCl 2 with the indicated toxin concentrations.
Rotation Assay-Rotation assays were done as described (14) with minor adjustments. Biotinylated complexes (10 l) in 50 mM HEPES-KOH, pH 8.0, 100 mM KCl, and 1% (w/v) bovine serum albumin were infused into a flow chamber and were incubated for 2 min at room temperature. The flow chamber was then washed with 50 l of 50 mM HEPES-KOH, pH 8.0, 100 mM KCl to remove unattached complexes. Streptavidin-coated beads (100, 210, or 340 nm diameter) in 50 mM HEPES-KOH, pH 8.0, 100 mM KCl, and 1% (w/v) bovine serum albumin were infused into the flow chamber and were incubated for 15 min. Rotation was initiated by addition of 80 l of assay buffer (50 mM HEPES-KOH, pH 8.0, 100 mM KCl, 0.8 mM MgCl 2 , 0.25 or 20 M ATP, 100 g/ml pyruvate kinase, and 2 mM phosphoenolpyruvate) after washing the flow chamber with 50 l of 50 mM HEPES-KOH, pH 8.0, and 100 mM KCl. In experiments with tentoxin, the indicated concentration of the toxin was included in the assay buffer. Rotation of the duplex beads attached on the ␥ subunit was monitored with a conventional optical microscope type IX 71 (Olympus, Tokyo, Japan) with a 100ϫ objective lens. Images were recorded with a digital video recorder. For fast recording we used a dark-field microscope (IX 71, Olympus) equipped with a mercury lamp and a high speed camera (Hi-DcamII, NAC Image Technology, Tokyo) at 2,000 frames/s. Recorded images were analyzed by custom software as described (20) .
RESULTS AND DISCUSSION

Low Concentrations of Tentoxin Inhibit the ADP Release
Step-For our single molecule experiments, we attached streptavidin-coated polystyrene beads (diameter ϳ210 nm) via the biotinylated ␥ subunit to the ␣ 3 ␤ 3 ␥ complex and observed the ATP-driven rotation of the ␥ subunit at 250 nM ATP using a phase contrast microscope. Rotation was stepwise, and three stop positions could be clearly distinguished ( Fig. 2A and supplemental movies 1 and 3). These positions were separated by 120°and correspond to the positions where the enzyme waits for the substrate ATP (20 -22) . The influence of tentoxin on the rotation pattern was studied in buffer exchange experiments. A rotating particle was then observed twice for an interval of 5 min before and after tentoxin addition to examine the influence of the toxin. Exchange of the buffer solution on its own did not alter the rotation pattern (supplemental Fig. S1 ). In contrast, rotation of ␥ became asymmetric, and one dwell time in a complete 360°turn became substantially delayed ( Fig. 2A and supplemental movies 2 and 4) when inhibitory concentrations of tentoxin (10 M) were supplied. This is in contrast to rotation experiments performed with the engineered TF 1 , which related tentoxin inhibition to a complete stop of the ␥ rotation (12) . Rotation of the cyanobacterial enzyme continued after infusion of inhibitory concentrations of tentoxin, but the rotation speed significantly decreased (31.8 Ϯ 7.9% compared with the enzyme FIGURE 1. Steady state ATP hydrolysis activity of the biotinylated ␣ 3 ␤ 3 ␥ Cys125/222 complex in the presence of tentoxin. ATP hydrolysis activity was measured with an ATP-regenerating system coupled to the oxidation of NADH. The samples were preincubated with the indicated toxin concentrations at 22°C for at least 30 min, and tentoxin was also included in the reaction buffer. The reaction was measured at 25°C for 5 min in the presence of 2 mM ATP and calculated relatively to the conditions without tentoxin (2.6 Ϯ 0.2 mol of P i released per mg of protein/min), which was set as 100%. without tentoxin). Bulk ATPase activity measurements showed almost the same decrease in activity (32.6 Ϯ 2.6%) at this tentoxin concentration. To answer the question whether a fast dissociation and rebinding of the inhibitor could be in charge of the partial inactivation, we determined the kinetic properties for the first tentoxin-binding site in bulk ATPase activity measurements (supplemental Fig. S2 ). At 10 M tentoxin, the time constant for binding was 52 s, whereas the time constant for dissociation was 714 s. The resulting kinetic constants were k on ϭ 1.9 ϫ 10 3 M Ϫ1 s Ϫ1 and k off ϭ 1.4 ϫ 10 Ϫ3 s Ϫ1 . The k on was 1 order of magnitude slower compared with those of the spinach CF 1 , whereas k off was faster than that for CF 1 (10) . Nevertheless, binding was fast enough to proceed during rotation experiments, and dissociation was too slow to explain the suppressed rotation. Moreover, 9 of 14 particles stopped at the same mostly inhibited site, and four changed their position once during the observation interval (300 s). One particle showed two equal inhibited positions and was not included for further analysis. The three resting positions observed during tentoxin inhibition matched well with the ATP waiting positions assigned before buffer exchange (Fig. 2 , A, insets, and B). For calculation of angle differences, data of 13 independent particle observations were merged and aligned at the most inhibited position. No significant change or shift was detected for all three positions as follows: Ϫ1.6 Ϯ 10.7°at 0°(set arbitrarily for the most inhibited position), Ϫ0.6 Ϯ 12.8°at 120°, and 0.5 Ϯ 11.3°at 240° (  Fig. 2B ). In the most recent model of F 1 rotation (6), ATP binding and ADP release are the events that take place at these positions. Our precise determination of the resting positions eliminated the possibility that other catalytic processes such as ATP hydrolysis or phosphate release are affected by tentoxin. Bulk phase activity measurements of F 1 using the slowly hydrolyzable ATP analogue, ATP␥S, were performed to confirm this conclusion. Under these conditions ATP␥S hydrolysis was the rate-limiting step, and no inhibitory (108.3 Ϯ 23.3% activity) or stimulatory (111.1 Ϯ 15.0%) effect of tentoxin could be detected when 10 M tentoxin for inhibition or 1 mM for stimulation were supplied. Furthermore, detailed analysis of the rotation speed of ␥ between dwell periods at 20 M ATP showed that torque generation is not affected by tentoxin (supplemental Fig. S3 ). To further specify which catalytic process is affected by the toxin, we determined the K m value for ATP in FIGURE 2. Rotation under inhibitory concentrations of tentoxin. A, particles (diameter 210 nm) were observed at 250 nM ATP for 5 min. After solution exchange with buffer containing 10 M tentoxin, the same particles were observed for a further 5 min. Insets show the trace of the bead centroid before (black dots) and after tentoxin infusion (red dots). Under inhibitory conditions, revolution was asymmetric with one long pause (black arrows) and two short pauses (blue arrowheads) per 360°turn. B, angle distribution of one rotating particle at 250 nM ATP before (black bars) and after (red bars) tentoxin infusion was analyzed. Change or shift of positions was as follows: Ϫ1.6 Ϯ 10.7°at 0°(set arbitrarily for the most inhibited position), Ϫ0.6 Ϯ 12.8°at 120°, and 0.5 Ϯ 11.3°at 240°. C, dwell times at 0, 120, and 240°before (black bars) and after (red bars) tentoxin infusion are plotted and analyzed. Total number of pauses were 736 for 0°, 629 for 120°, and 603 for 240°before solution exchange and 342 for 0°, 219 for 120°, and 215 for 240°after solution exchange (data from nine particles were aligned at the most inhibited position, which was set as 0°). All dwell time distributions could be fitted with a single exponential decay, besides the 0°position after tentoxin infusion, which shows a double exponential decay with R ϭ 0.81 (dashed line represent a single exponential decay with R ϭ 0.78).
the presence of different toxin concentrations. In accordance with reports on spinach F 1 (23) , the inhibitor acts noncompetitively with respect to ATP, and the K m value for ATP did not change in response to the tentoxin concentrations (K m values for our enzyme were 115.2 Ϯ 35.1 M ATP without tentoxin; 97.3 Ϯ 14.6 M ATP at 2 M and 92.3 Ϯ 4.3 M ATP at 10 M toxin; see supplemental Fig. S4 ). This suggests that not ATP binding but another event such as ADP release is affected by the toxin. This interpretation is supported by the results of Hu et al. (24) , who found that tentoxin inhibits the release of ADP after binding of a nonhydrolyzable ATP analogue.
Thereafter, the dwell times at all three positions obtained with and without tentoxin were determined (Fig. 2C) . The distribution of pause length always followed a single exponential decay with time constants similar to the ATP binding rate of TF 1 (25) . The dwell time distribution at the mostly inhibited position (0°), however, gave a more accurate fit with a double exponential equation. The first time constant (0.27 s) was similar to that of the other resting positions or those of the noninhibited enzyme, whereas the second constant (1.36 s) was significantly slower and clearly attributed to tentoxin. This strengthened our idea that tentoxin affects an independent event like ADP release but not the ATP-binding event. This newly identified event was not reported by dwell time analysis of single molecule experiments so far. The two independent events located at 0°t hat were observed in our single molecule experiments do not fit the recent mechanistic model proposed by Mao and Weber (26) , which attributes the ADP release step to the 40°substep. However, our data comply with a recent rotation model of Adachi et al. (6) . Irrespective of their fit to a mechanistic model, the data demonstrate that tentoxin can be a useful tool to analyze specific steps during the rotation and to gain further insight into the basic mechanistic operation mode of F 1 -ATPases. To visualize the stepwise ATP-driven rotation, we used a combination of smaller beads (100 nm diameter) and a high speed camera (time resolution 2,000 frames/s). The rotation speed at 1 mM tentoxin increased compared with those of the inhibited enzyme, but achieved only 60 -70% of the speed obtained with the noninhibited enzyme (without toxin) (Fig. 3A) . Most remarkably the rotation of stimulated F 1 was smooth, and no clear long pauses could be detected. The three resting positions observed with the high speed camera did not shift (3.2 Ϯ 12.7°) after tentoxin infusion (Fig. 3B) . During long observation periods, we sometimes found a transition to a slower speed with a single distinct resting position (not shown). For the spinach enzyme, binding and dissociation of stimulatory tentoxin molecule(s) to the binding site(s) take only a few seconds in the presence of ATP (10) . We therefore assume that the observed transition was because of release and rebinding of stimulatory tentoxin molecules.
High Concentrations of Tentoxin
Because the stimulated F 1 showed smooth rotation, we could not distinguish differences among the three resting positions (Fig. 3B) . Hence, all observed dwell times were merged and fitted with an exponential equation (Fig. 3C) . The dwell time distribution without tentoxin followed a single exponential decay with a time constant of 12.9 ms. Because we could detect three distinct resting positions separated by 120°and catalytic dwell periods (the process of ATP hydrolysis at the catalytic site) are still faster than the ATP-binding event, we assign these pauses as ATP waiting dwell periods. As in tentoxin inhibition, the dwell time distribution changed after toxin infusion and followed a double exponential decay. The first time constant (11.9 ms) was similar to the constant before buffer exchange (12.9 ms), whereas the second (19.8 ms) was slightly slower (Fig.  3C) . Taken together, high concentrations of tentoxin seem to partially relieve the inhibition event after substrate binding. However, it is still unclear how the binding of a second or third tentoxin molecule may alter the conformation or relief of the inhibition as a high resolution structure of a stimulatory F 1 -tentoxin complex was not resolved so far.
In contrast to the reduced rotation speed of stimulated F 1 complexes, the bulk ATPase activity is significantly higher than that without tentoxin (Fig. 1) . Rotation experiments with a tentoxin-sensitive TF 1 mutant (12) demonstrated that high toxin concentrations reduce the probability of long rotation pauses (Ͼ20 s), which were attributed to ADP inhibition. ADP inhibition is a common feature of F 1 -ATPases (27) (28) (29) and occurs when the hydrolysis product ADP remains in one catalytic nucleotide-binding site and arrests the ␥ subunit 80°distinct from the ATP waiting position (30) . During the long observation experiments in the absence of tentoxin, we could confirm this inhibition for the cyanobacterial enzyme (Fig. 3D , left panel, and see Fig. 7B of Ref. 14). On average, the complex stayed in such pauses for 52% of the observation time. The situation dramatically changed upon infusion of high tentoxin concentrations. After buffer exchange rotation speed was reduced (Fig. 3A) , but the enzyme rotated continuously and stayed in the ADP inhibition pauses less than 1% (Fig. 3D, right  panel, and E) . This effect counteracted the reduced rotation speed of tentoxin-stimulated complexes and resulted in a higher net activity calculated as total revolutions per observation time (Fig. 3E) . Also the magnitude of the stimulation on the single molecule level was very similar (ϳ160%) compared with bulk ATPase activity measurements. We verified the correlation of tentoxin stimulation and reduced ADP inhibition in ATPase activity measurements. It is known that the magnitude of ADP inhibition is enhanced by external ADP (30) and azide (31, 32) , whereas phosphate (33) and the nonionic detergent lauryldimethylamine oxide (27) diminish the inhibition. Therefore, the stimulatory effect of high tentoxin concentrations should be pronounced at high ADP inhibition, whereas the stimulation should be suppressed when ADP inhibition is diminished. Measurements of the ATPase activity with or without 1 mM tentoxin confirmed this assumption. Under these conditions, ATPase activity was stimulated to 174 Ϯ 7%, whereas addition of ADP (5 mM) and azide (95 M) increased the stimulatory effect of tentoxin to 289 Ϯ 16 and 249 Ϯ 7%, respectively. On the other hand, no stimulation was observed when 50 mM phosphate was added (97 Ϯ 7%).
Molecular Processes of Inhibition and Stimulation
Caused by Tentoxin-Although it is well accepted that a single tentoxin molecule can completely inhibit the CF 1 -ATPase activity, there is still a debate on the number of the tentoxin molecules involved in the reactivation process.
In this study, we visualized the effects of different tentoxin concentrations on the activity of the F 1 -ATPase and confirmed that binding of a single tentoxin molecule is sufficient for complete inhibition of the enzyme (Fig. 2) . Based on our single molecule studies, we propose a model of inhibition and stimulation of F 1 complexes by tentoxin (Fig. 4) . We showed that tentoxin inhibition induced an asymmetric rotation by extending only one dwell time in the complete 360°turn (Fig. 2A) . The corresponding event takes place directly after ATP binding and stops the reaction pathway before the 80°substep proceeds, which was observed as long pauses in Fig. 2A ( ϭ 1.36 s) . Thus we could clarify the ADP release step at 0°during rotation of the ␥ subunit. This means that a single tentoxin molecule bound to one binding site acts like a clamp as shown in Fig. 4A and inhibits the transition of the related ␤ subunit from a closed to an open conformation as suggested by the crystal structure of the spinach chloroplast F 1 complexed with tentoxin (11) . This particular feature could be useful to mark a native enzyme at one position within a complete 360°turn. A similar feature was recently reported using a TF 1 complex carrying a mutation at the catalytic sites (34) . However, tentoxin would enable us to gain more easily further insights into the catalytic properties of each catalytic site separately using a native enzyme. In addition, the inhibitory effect is partially relieved by binding of stimula- tory tentoxin molecules breaking the asymmetry of rotation and restoring the rotation speed to some extent.
The molecular structure of the reactivated enzyme and the conformational shifts related to the stimulation process need to be clarified by further structural studies on a tentoxin-stimulated chloroplast F 1 . Yet our single molecular analysis has resolved that the activity of the stimulated enzyme is boosted because of the strong reduction of ADP inhibition. To quantify the liberation of ADP inhibition, we monitored the bulk ATPase activity with and without azide at different tentoxin concentrations (Fig. 4B) . The difference in the apparent K d value for tentoxin stimulation obtained from Fig. 1 (565 M) and that from Fig. 4B (36.3 M) is because of the difference in the experimental conditions; the assay reported in Fig. 1 is the observation of the direct stimulatory effect of tentoxin, whereas the plots in Fig. 4B are calculated indirectly from the ratio of the activity in the presence and in the absence of azide to evaluate the contribution of ADP inhibition for the stimulation process. Without tentoxin, the enzyme activity was severely reduced to less than 20% in the presence of azide. With increasing concentrations of tentoxin, the activity was less affected and dropped only to 45% at 1 mM. Noteworthy, the azide effect at 10 M tentoxin (inhibition condition) was similar to the enzyme without toxin. This implies that the reduced ADP inhibition is an exquisite feature of the stimulated enzyme caused by the binding of a second or third toxin molecule (Fig. 4C) . In addition, this tentoxin effect, which is directed against the ADP inhibition, can easily explain the observed differences in the stimulation level of the tentoxin-sensitive ATPases (i.e. CF 1 , the mutant TF 1 , and the F 1 complex from T. elongatus) at high concentrations of the toxin. The purified CF 1 from spinach chloroplasts contains one to two tightly bound ADP molecules (35) (36) (37) , and its activity is normally very low because of the ADP inhibition at steady state conditions. The activity of the enzyme can be stimulated more than 10-fold by the addition of high concentrations of the toxin (7) (8) (9) (10) . In contrast, purified TF 1 does not contain any bound nucleotides (38, 39) , and the incubation with Mg-ADP easily induces the strong ADP inhibition state (40) . This specific property of the TF 1 -ATPase explains why the tentoxin-sensitive mutant prepared from TF 1 did not show the overactivation even at high tentoxin concentrations (13) .
